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Alkaptonuria (AKU) is an ultra‐rare metabolic disease due to a deficient activity of the enzyme homogentisate 1,2‐dioxygenase (HGD) leading to accumulation of homogentisic acid (HGA). HGA‐oxidized derivative benzoquinone acetic acid (BQA) forms a melanin‐like pigmentation known as "ochronosis," causing dramatic tissue degeneration. A severe form of arthropathy, with articular cartilage degeneration, is the most common clinical presentation of AKU. Focal degeneration of the articular cartilage, associated with altered subchondral bone remodeling, sclerosis, bone hypertrophy, and the presence of osteophytes are main AKU features (Taylor et al., [2011a](#jcp24850-bib-0029){ref-type="ref"}).

Over the last two decades, there has been increasing evidence showing association between cartilage degradation and chondrocyte death in rheumatologic diseases (Hayami et al., [2004](#jcp24850-bib-0012){ref-type="ref"}; Li et al., [2013](#jcp24850-bib-0015){ref-type="ref"}), and different types of cell death in cartilage have been reported including apoptosis and chondroptosis. The term chondroptosis indicates that cells undergo apoptosis in a non‐classical manner that appears to be typical in chondrocytes death in vivo (Roach et al., [2004](#jcp24850-bib-0023){ref-type="ref"}; Sitte et al., [2009](#jcp24850-bib-0026){ref-type="ref"}). Chondroptosis is nothing else than a special form of apoptosis of chondrocytes, which resides in cartilage matrix so that the apoptotic rests cannot be handled as in vascularized tissue. Although chondroptosis has some features in common with classical apoptosis and other types of cell death such as cell shrinkage, chromatin condensation and the probable involvement of caspases, other features are different such as a cytoplasmic vacuolization without nuclear fragmentation and prominent Golgi and rough endoplasmic reticulum (RER). Chondroptosis has been reported to play an important role in osteoarthritis (OA) (Roach et al., [2004](#jcp24850-bib-0023){ref-type="ref"}; Pérez et al., [2005](#jcp24850-bib-0020){ref-type="ref"}; Almonte‐Becerril et al., [2010](#jcp24850-bib-0002){ref-type="ref"}; Zamli and Sharif, [2011](#jcp24850-bib-0036){ref-type="ref"}).

Recent advances on the study of articular tissue degeneration in AKU have been related to cartilage and extracellular matrix (ECM) structural and biochemical characterization (Taylor et al., [2011b](#jcp24850-bib-0028){ref-type="ref"}), describing different zones in the tissue (Taylor et al., [2010](#jcp24850-bib-0030){ref-type="ref"}). AKU histopathology has been assessed by the degenerative stages of different zones of the articular human cartilage (Taylor et al., [2011a](#jcp24850-bib-0029){ref-type="ref"}).

Our previous work (Braconi et al., [2010](#jcp24850-bib-0008){ref-type="ref"},b; Tinti et al., [2010](#jcp24850-bib-0032){ref-type="ref"}; Tinti et al., [2011a](#jcp24850-bib-0033){ref-type="ref"},[2011b](#jcp24850-bib-0034){ref-type="ref"}; Braconi et al., [2012](#jcp24850-bib-0007){ref-type="ref"}; Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}; Millucci et al., [2012](#jcp24850-bib-0018){ref-type="ref"}; Braconi et al., [2013](#jcp24850-bib-0010){ref-type="ref"}; Spreafico et al., [2013](#jcp24850-bib-0027){ref-type="ref"}) suggested that morphological changes of chondrocytes in AKU cartilage may be attributed to apoptosis, but until now no in depth study exists to elucidate if chondroptosis may occur in AKU. Moreover, ultra‐structural observations were complemented with biochemical and proteomic characterization of chondrocytes isolated from the ochronotic cartilage of AKU patients, indicating that AKU chondrocytes are characterized by HGA‐induced apoptosis, protein aggregation, nitric oxide release, and oxidative stress (Tinti et al., [2011a](#jcp24850-bib-0033){ref-type="ref"}; Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}; Millucci et al., [2012](#jcp24850-bib-0018){ref-type="ref"}; Braconi et al., [2013](#jcp24850-bib-0010){ref-type="ref"}; Spreafico et al., [2013](#jcp24850-bib-0027){ref-type="ref"}). AKU patients have high levels of plasma serum amyloid A and pro‐inflammatory cytokines (Tinti et al., [2011b](#jcp24850-bib-0034){ref-type="ref"}; Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}; Millucci et al., [2012](#jcp24850-bib-0018){ref-type="ref"}; Braconi et al., [2013](#jcp24850-bib-0010){ref-type="ref"}; Millucci et al., 2014). The local expression of *HGD* in human osteoarticular system (Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}) dramatically increases the effects in AKU cartilage degeneration. We also reported that plasma from AKU patients and an AKU human plasma model contains inflammatory cytokines, free radicals and oxidants acting as cytotoxic agents for chondrocytes (Tinti et al., [2011a](#jcp24850-bib-0033){ref-type="ref"}; Braconi et al., [2012](#jcp24850-bib-0007){ref-type="ref"}; Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}; Braconi et al., [2013](#jcp24850-bib-0010){ref-type="ref"}; Spreafico et al., [2013](#jcp24850-bib-0027){ref-type="ref"}; Millucci et al., 2014).

In the present work, we performed a morphological analysis and assessed that AKU chondrocytes undergo phenotypic changes and lipid oxidation, resulting in a progressive loss of articular cartilage structure and function, showing typical features of chondroptosis and suggesting its role in AKU pathogenesis, similarly to what observed in OA.

Materials and Methods {#jcp24850-sec-0003}
=====================

Ethical approval {#jcp24850-sec-0004}
----------------

The whole study was conducted following the approval of Siena University Hospital Ethics Committee. Patients gave a written informed consent prior to inclusion in the study. The informed consent conformed to the standards set by the latest revision of the Declaration of Helsinki containing few substantive changes relative to the April 2013 iteration.

Histology {#jcp24850-sec-0005}
---------

AKU, OA, and healthy cartilage fragments were placed in 5% formaldehyde. Samples were dehydrated with increasing concentrations of alcohol and embedded in paraffin. Sections were then stained with hematoxylin‐eosin (H/E).

Histological analyses of proteoglycans {#jcp24850-sec-0006}
--------------------------------------

Sections were stained with Safranin‐O and fast green.

AKU and healthy chondrocytes {#jcp24850-sec-0007}
----------------------------

Alkaptonuric chondrocytes were obtained from articular cartilage of AKU patients and cultured, as described (Tinti et al., [2010](#jcp24850-bib-0032){ref-type="ref"}). Healthy chondrocytes were from articular cartilage of a healthy young male subject who underwent surgery for a traumatic accident (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}).

###### 

Patients and control features

  Features           Control 1    Control 2    Control 3    Control 4    Control 5    Control 6    Control 7    Control 8    Control 9    Control 10   Control 11   Control 12   Patient 1    Patient 2    Patient 3    Patient 4
  ------------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------
  Age (years)        71           68           63           67           72           70           60           59           65           80           84           30           71           63           60           65
  Sex                F            F            F            F            M            M            M            F            F            F            M            M            F            F            F            M
  Pathology          OA           OA           OA           OA           OA           OA           OA           OA           OA           OA           OA           Healthy      AKU          AKU          AKU          AKU
  OARSI grade        4            5            5            3            6            4            4            3            4            6            5            0            6            6            5            5
  Cartilage sample   Knee         Knee         Shoulder     Knee         Shoulder     Shoulder     Hip          Hip          Knee         Hip          Hip          Knee         Hip          Hip          Shoulder     Knee
  Sample analysis    H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM   H            H, IF, TEM   H, IF, TEM   H, IF, TEM   H, IF, TEM

F, female; M, male; OA, osteoarthritis; AKU, alkaptonuria; H, histology; IF, immunofluorescence; TEM, transmission electron microscopy.

© 2014 Wiley Periodicals, Inc.

Fluorescence microscopy {#jcp24850-sec-0008}
-----------------------

In order to evaluate the presence of major products of lipid peroxidation, 3 µm unstained slices of AKU cartilage were used for immunofluorescence staining with anti‐4‐hydroxy‐2‐nonenal (4‐HNE) mouse monoclonal antibody (Percipio Biosciences, Inc., Burlingame, CA). A secondary FITC‐conjugated rabbit anti‐mouse IgG (Santa Cruz, CA) was adopted for final detection. The nuclei were counter stained with blue DAPI DNA stain (Abcam, Cambridge, UK). 4‐HNE immunofluorescence was also performed on AKU chondrocytes obtained from all AKU patients (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}) and from a healthy subject used as control. Apoptosis was determined by staining cells with DAPI DNA stain (Abcam, Cambrige, UK).

The activation of tissue transglutaminase (Tgase; also called transglutaminase type 2 \[TGase 2\]) as hallmark of apoptosis was studied by a cytochemical assay based on the use of fluoresceinated cadaverine (Sigma--Aldrich, Saint Louis, MO). AKU chondrocytes were grown on coverslips for 24 h labeled with 0.05 mM mono‐dansylcadaverine in PBS at 37°C for 10 min. After incubation, cells were washed four times with PBS and analyzed using an Axiovert 405 M, inverted microscope equipped with epi‐fluorescence.

Statistical analysis {#jcp24850-sec-0009}
--------------------

Multiple linear regression analysis was used to model the percentage of cells that were apoptotic.

Scanning electron microscopy {#jcp24850-sec-0010}
----------------------------

Scanning electron microscopy (SEM) observations and chemical microanalysis were carried out using a Philips® XL30 device operated at 20 kV equipped with an EDAX energy‐dispersive (EDS) X‐ray. The volume of sample analyzed with EDAX, at the actual operating condition, was estimated to have a diameter of ca. 3 µm; hence areas smaller than ca. 5 µm had chemical analyses mixed with adjacent phases. Initially, the cartilage was analyzed without carbon coating to check the presence of C in the sample itself. Once verified that C was a component of the ochronotic pigment, the fragment was carbon coated in order to obtain good quality images under SEM.

Transmission electron microscopy (TEM) {#jcp24850-sec-0011}
--------------------------------------

Tissue was fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) containing 2% tannin and post‐fixed in 1% osmium tetroxide. Tissues were dehydrated in ethanol and embedded in epoxy resin. Ultrathin sections were contrasted with uranyl acetate and lead citrate. Specimens were examined in a transmission electron microscope (100CX II, JEOL, Peabody, MA) operated at 80 kV. Samples were also analyzed by an electron dispersive X‐ray (EDX) microanalysis system using Quantex software (Kevex Corp., San Carlos, CA).

Results {#jcp24850-sec-0012}
=======

Histology---analysis of cartilage in AKU joints {#jcp24850-sec-0013}
-----------------------------------------------

AKU knees with significant cartilage pathology contained degenerated cartilage severely pigmented. Calcium deposition on roughened and fibrillated surfaces was often present. Tears were frequently observed (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}b,c). No meniscal ganglions or external cysts were observed. The intensity of Safranin‐O staining was directly proportional to the proteoglycan content in normal cartilage (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}a). Safranin‐O has thus been used to demonstrate any changes that occurred in articular AKU cartilage. Representative images of Safranin‐O staining are shown in Figure [1](#jcp24850-fig-0001){ref-type="fig"}. In AKU specimens, hardly a feeble Safranin‐O staining was observed. The Safranin‐O staining in AKU cartilage was significantly weaker than that in normal cartilage (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}b--d), while it was more prominent in the surface zone than that in the deep zone (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}c,d). Histopathological evaluation of cartilage from AKU joints revealed a more severe fibrocartilaginous disruption. The extracellular matrix features fine fibrillations and a loss of structure in most cases, most likely due to an edematous swelling of the tissue. There was an extensive variability in the pattern of proteoglycan staining with areas with more appreciable intensity as well as areas nearly devoid of staining (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}b,d). We observed large variation in cell distribution with hypercellular, hypocellular, and acellular areas as well as areas containing large and abundant cell clusters. Abnormal cell clusters were found close to the articular surface, typically associated with tears of the meniscus (Fig. [1](#jcp24850-fig-0001){ref-type="fig"}c). These cell clusters were seen in both positive and negative Safranin‐O stained matrix. Cells around frayed regions and tears were often larger compared to cells in normal regions.

![Representative images of Safranin‐O staining. (A) Normal cartilage (horizontal sections of the central portion of menisci) displayed strong orange‐red staining, indicating a completely preserved cartilage. In contrast (B, C, D), AKU menisci (horizontal sections of the central portion of menisci) displayed moderate orange‐red staining, indicating advanced cartilage destruction. Scale bar = 100 μm.](JCP-230-1148-g001){#jcp24850-fig-0001}

Morphological changes in AKU cartilage were indicative of phenotypic variability (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}A). The ultrastructural characteristics of AKU chondrocytes let us to classify them into two types according to their location and phenotypic changes: (1) normal chondrocytes, observed in non‐fibrillated regions distant from the damaged cartilage (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}A,b); (2) chondrocytes with secretory phenotype, clustered (groups of 2--4 cells, "clones") flattened or ellipsoidal chondrocytes within the most damaged region of AKU cartilage (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}A,c,d). Normal and chondrocytes with secretory phenotype were not the same as the different types typically seen in normal cartilage. Chondrocytic death in AKU cartilage was witnessed by the presence of large number of empty lacunae (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}A,b--d) and confirmed previous data related to mechanical injury, increased production of reactive oxygen species (ROS) and disruption of extracellular matrix integrity (Braconi et al., 2010a,b; Tinti et al., [2010](#jcp24850-bib-0032){ref-type="ref"}). The clusters of chondrocytes with secretory phenotype were isogenous groups when located in the lower area of alkaptonuric cartilage, as visible in Figure [2](#jcp24850-fig-0002){ref-type="fig"}B,c. On the contrary, chondrocytes with secretory phenotype located in the superficial zone of AKU cartilage (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}B,a) were not isogenous, but had the same chondroptotic phenotype, as also confirmed by TEM analysis (Fig. [6](#jcp24850-fig-0006){ref-type="fig"}A,B).

![Histological anatomo‐pathological analysis of hematoxylin and eosin stained AKU cartilage. (A,a) Healthy cartilage from the knee of a healthy young male subject who underwent surgery for a traumatic accident (Control 12, Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}). (b) AKU cartilage in non‐fibrillated regions, distant from the damaged cartilage. Hypocellularity and empty lacunae (arrow) are showed. Specimen was from Patient 1 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}). (c) Image from the most damaged region of AKU cartilage. Different grading of ochronotic pigmentation was clearly visible, being more pronounced in the subchondral zone. Specimen was from Patient 2 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}). (d) Chondrocyte aggregates or "clones" were found in great matrix lacunae. Clustered chondrocytes in the pigmented areas organized in clones are shown (arrows). Specimen was from Patient 3. Scale bar = 100 μm. (B) Photomicrograph showing the different patterns of ochronotic pigmentation in AKU cartilage. Ochronotic pigmentation was intense at the deep and middle cartilage areas. Scale bar = 100 μm. (a) Superficial zone showing the articular surface with matrix scarcely pigmented but presenting a defined area more ochronotic where dismorphic pigmented chondrocytes were random positioned; (b) Middle hypertrophic zone with dense ochronotic pigment in the extracellular matrix. Chondrocytes showed intracellular deposits and appeared phenotipically normal; (c) Deep zone showing intense pigment deposition in the extracellular matrix. Chondrocytes showed intracellular pigmentation, and some of them were chondroptotic. Their dimension was larger in volume than chondrocytes present in the hypertrophic zone. Resorption of the subchondral plate was also appreciable. (C) 4‐HNE detection in AKU, OA, and normal cartilage. (a) Healthy cartilage, as a negative control, from Control 12 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}); (b--d) AKU cartilage from Patient 1 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}); (e--g) AKU cartilage from Patient 2 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}); (h) OA cartilage, as a positive and reference control. Immuno‐fluorescence to 4‐HNE was relevant in all AKU cartilage specimens (b--g). Immuno‐specificity of the staining was assessed by the absence of fluorescence in the superficial zones of AKU cartilage (e--g) evidenced only by DAPI fluorescence (blue). The deep zone of cartilage surface, the pericellular matrix, the intracellular matrix, and the matrix around the cells, all showed positive staining which suggested the presence of strong lipid peroxidation in these areas. Scale bar = 100 μm.](JCP-230-1148-g002){#jcp24850-fig-0002}

4‐HNE detection {#jcp24850-sec-0014}
---------------

Lipid peroxidation (LPO) was clearly evident in AKU cartilage from different patients, compared to control (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}C). HNE is specific major aldehydic product of lipid peroxidation. It is believed to be largely responsible for the cytopathologic effects observed during the oxidative stress of lipids (Pompella et al., [2002](#jcp24850-bib-0022){ref-type="ref"}). In AKU samples, fluorescence is very specific for pigmented and degraded zones of cartilage. In Figure [2](#jcp24850-fig-0002){ref-type="fig"}C, d--g, it is appreciable that HNE fluorescence is intensely diffuse only in hypertrophic and deep zone of cartilage, corresponding to pigmented areas visible in Figure [1](#jcp24850-fig-0001){ref-type="fig"}B and hosting chondrocytes with secretory phenotype. On the contrary, superficial AKU cartilage zone that is scarcely pigmented is not reactive for HNE and evidenced only by DAPI fluorescence. In contrast, normal cartilage (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}C,a) showed only a very faint staining of the cartilage surface. In OA sample (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}C,h), the positivity for HNE fluorescence was evident as well as for AKU cartilage. Moreover, LPO was observed also in primary AKU chondrocytes (Fig. [3](#jcp24850-fig-0003){ref-type="fig"}). DAPI staining allowed observe apoptotic nuclei and apoptotic bodies in primary AKU chondrocytes (Fig. [3](#jcp24850-fig-0003){ref-type="fig"}B). Taken together, our observations suggest a role of lipid peroxidation in peculiar chondrocytes death in OA and AKU.

![4‐HNE detection in AKU and normal chondrocytes. (A) 4HNE‐positive staining was found in AKU chondrocyte cytoplasm as assessed by confocal microscopy. (B) Nuclear fragmentation. The assessment of nuclear damage in AKU and control chondrocytes using nuclear stain DAPI was observed on confocal microscopy. AKU cell showed DNA aggregation (arrow) and more frequent smeared, aggregated, and condensed cellular DNA (arrow). (C) Visualization of fluoresceinated cadaverine indicative of apoptosis in AKU primary chondrocytes and control.](JCP-230-1148-g003){#jcp24850-fig-0003}

Activation of tissue transglutaminase {#jcp24850-sec-0015}
-------------------------------------

Extensive protein cross‐linking takes place during apoptosis. The ubiquitous TGase was identified as the enzyme responsible for this reaction. Because protein cross‐linking makes them less soluble, it is presumed that activation of TGase during apoptosis prevents a release of soluble and immunogenic proteins from dying cells and thereby decreases the possibility of inducing an autoimmune reaction. Further, protein packaging into apoptotic bodies may be facilitated when they remain in solid state rather than in solution. Here, we monitor fluoresceinated cadaverine becoming attached in situ to the protein in live AKU cells by TGase. As shown in Figure [3](#jcp24850-fig-0003){ref-type="fig"}C, in AKU cells the accumulation of monodansylcadaverine was very evident whereas in control cells, monodansylcadaverine was faintly detected indicating that apoptosis occurs mainly in AKU cells.

SEM {#jcp24850-sec-0016}
---

SEM analysis of AKU cartilage revealed extensive fissuring, fibrillation, and clustering of cells (Fig. [4](#jcp24850-fig-0004){ref-type="fig"}) in the deep zone of AKU cartilage.

![SEM image of AKU cartilage. Ultrastructural features of most damaged region of AKU cartilage showing extensive fissuring of tissue (asterisk) and evident clustering of cells with numerous clones ellipsoidal in shape (arrow). s.i.: superficial interface. Electron Dispersive X‐ray microanalysis (EDX) of mineralized areas visible in AKU cartilage are shown. Calcium and phosphate peaks were prominent and indicated that these areas were composed of calcium phosphate crystals. Table reports element composition of pigmented areas and analysis for the X‐ray spectrum of the pigment. The analysis gives the percentage by weight (wt%) and the percentage by number of atoms (at%) of each of the elements identified. The letter (K) after each element (e.g., CrK) refers to the characteristic X‐ray wavelength due to the energy released by an electron moving from one shell to an inner shell of the atom. The acronym \'ZAF\' describes a procedure in which matrix corrections for atomic number effects (Z), absorption (A), and fluorescence (F), are calculated separately from suitable physical models. (The atomic number correction encompasses both the stopping power and backscattering factors).](JCP-230-1148-g004){#jcp24850-fig-0004}

EDS microanalyses {#jcp24850-sec-0017}
-----------------

To get light on the composition of AKU cartilage, we performed EDS microanalyses on the surface of samples from patients 2 and 4 (Fig. [4](#jcp24850-fig-0004){ref-type="fig"}). Results were very reproducible and revealed that pigmented areas were composed by C, O, N, S, Na, and variable amount of Ca. This mineral phase can indicate the presence of hydroxyapatite suggesting that in AKU ochronotic cartilage an active process of calcification was occurring.

TEM {#jcp24850-sec-0018}
---

To observe the ultrastructural features of chondroptotic chondrocytes and focusing on AKU chondrocytes with secretory phenotype, we performed TEM analysis using a positive OA (Fig. [5](#jcp24850-fig-0005){ref-type="fig"}A) control and AKU cartilage arising from all AKU patients listed in Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"} (Figs. [5](#jcp24850-fig-0005){ref-type="fig"}B, [6](#jcp24850-fig-0006){ref-type="fig"}, and [7](#jcp24850-fig-0007){ref-type="fig"}). Figure [5](#jcp24850-fig-0005){ref-type="fig"}A shows typical chondroptotic chondrocytes: intense vacuolization, anular chromatin condensation, organelle destruction, multiple protrusions of cell membrane, and self‐destruction through autophagic vacuoles.

![TEM observation of OA and AKU cartilage. (A) OA cartilage was adopted as positive control (Control 11, Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}). Images show chondroptotic chondrocytes, characterized by evident intensive vacuolization, multiple protrusions of cell membrane (part a, arrow), organelle destruction (parts b and d, white arrow), clusters of swollen mitochondria (part b, arrowhead), and anular chromatin condensation (part d, black arrow). Self‐destruction through autophagic vacuoles and blebbing was evident in parts a--d. Analogous results were obtained from other OA controls. (B) AKU cartilage from Patient 1 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}). Images show chondrocytes with secretory phenotype arising from the deep zone of pigmented cartilage (see Fig. [1](#jcp24850-fig-0001){ref-type="fig"}B,c). Chondroptosis features were more pronounced respecting OA cartilage, suggesting a key role of HGA in the degeneration of articular tissues and cell death in AKU. Fragmented nuclear condensation was always visible with convoluted nuclei (parts b and d, asterisk), and abundant autophagic vacuoles (parts c and d, arrows). Analogous results were obtained from Patients 2, 3, 4. Bars: A,a: 25 μm; A,b,c: 10 μm; A,d: 15 μm; B,a: 10 μm; B,b,c,d: 25 μm.](JCP-230-1148-g005){#jcp24850-fig-0005}

![TEM observation of AKU cartilage. Samples from Patient 1 (Table [I](#jcp24850-tbl-0001){ref-type="table-wrap"}) were from the superficial zone of cartilage (see Fig. [1](#jcp24850-fig-0001){ref-type="fig"}B,a). Chondrocytes were phenotypically ascribed to those with phenotype, though being located in a non‐pigmented area. Extrusion of cellular material into the lacunae into extracellular space, typical feature in chondroptosis, was evident (A, arrow). The disintegration of cell in chondroptosis is a combination of digestion in autophagic vacuoles and of the release of resultant cell fragment into the extracellular space, as observable in part A (arrow heads). In this terminal stage of cell death, cytoplasm organelles were not recognizable and only some nuclear remnant is often visible (A and B). Chondroptotic remnants were disintegrated into vesicular detritus (B, vd). Bars A, B: 25 μm.](JCP-230-1148-g006){#jcp24850-fig-0006}

![TEM observation of AKU cartilage. Images offer an overview of AKU chondroptotic chondrocytes with secretory phenotype located in the deep zone and an ultrastructural analysis of extracellular matrix where collagen disaggregation (G, H) and diffuse pigment deposition (C--H) were evident. Cellular disintegration as the final stage of chondroptosis was evident in parts A, B, and E. The cell was totally fragmented into vesicles (vd: vesicular detritus) accumulated in the extracellular matrix, and the nucleus was barely visible (A, B). Cell remnants (arrowheads) were observable in parts C--F, where glycogen was absent, nucleus (N) was still visible but as a dense central region with some vacuoles and no trace of cytoplasm and organelles. In parts B and F condensed endoplasmic reticulum and Golgi were still visible (arrows), although very deteriorated, often forming compartments within which organelles were sequestered and digested (vd). This phenomenon of degradation also took place in autophagic vacuoles (A, B, av) and was followed by the expulsion of blebs into the lacunar space. In the nucleus, chromatin was patchy condensed and spread throughout the nucleus (E, F). Finally, the end stage of chondroptosis was an empty lacuna (C, el). Amyloid (am) was clearly visible in different images of AKU cartilage, as well as ochronotic pigment patchy dispersed in the degraded cartilage matrix (G, H). Samples were from Patient 2 (A, B), Patient 3 (C, D, H), and Patient 4 (E, F, G). Bars: A: 5 μm; B: 10 μm ; C, D, E: 25 μm; F: 10 μm; G: 2.5 μm; H: 5 μm.](JCP-230-1148-g007){#jcp24850-fig-0007}

AKU chondrocytes with secretory phenotype were irregular and dismorphic, electron dense and characterized by an abundant RER and by prominent Golgi complexes (Fig. [5](#jcp24850-fig-0005){ref-type="fig"}B,b--d), showing typical features of chondroptosis. Chondroptotic nuclei showed irregular outlines and contained very‐condensed chromatin (Fig. [5](#jcp24850-fig-0005){ref-type="fig"}B,a--d), sometimes scattered within the nucleous (Fig. [6](#jcp24850-fig-0006){ref-type="fig"}A,B). Chondroptotic AKU chondrocytes showed characteristic signs of degeneration and organelle destruction: increased amount of condensed heterochromatin in the nuclei (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}C--F), anular chromatin condensation at the nuclear envelope (Figs. [5](#jcp24850-fig-0005){ref-type="fig"}B,b and [6](#jcp24850-fig-0006){ref-type="fig"}B), budding of the nuclear envelope (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}B), clusters of swollen mitochondria (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}A,B), and multiple protrusions of cell membrane (Figs. [5](#jcp24850-fig-0005){ref-type="fig"}B,c and [6](#jcp24850-fig-0006){ref-type="fig"}A). Some chondrocytes showed shrinking and self‐destruction through autophagic vacuoles and blebbing with disruption of the cellular membrane (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}A,B). Prominent RER, fragmented and expanded Golgi membranes (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}B), dense chromatin (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}C--F), cell fragmentation and disintegration (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}A,B,E). The ultrastructural evidence of different morphological phenotypes, including chondroptosis, within clustered chondrocytes suggested that cell modifications were asynchronic and not a synchronic event. Moreover, in Figure [7](#jcp24850-fig-0007){ref-type="fig"}G,H the ultrastructural appearence of AKU ECM is shown: patchy pigment deposition is visible and disruption of collagen fibers is evident and may be a possible precursor of osteoarthritic changes. The remarkable sparse dotted pigmentation distributed within the tissue appears to be responsible of the collagen fibers fragmentation and of the lack of their periodicity. We were also able to find trace of amyloid fibrils thinly interconnected to ECM weave (Fig. [7](#jcp24850-fig-0007){ref-type="fig"}A,G,H), randomly diffused and interposed with pigment droplets in the cluttered and disorganized net of broken collagen fibers. The presence of amyloid in all AKU patients analyzed demonstrates the fundamental role of amyloid deposits in the triggering and worsening osteoarthrosic degeneration in AKU.

Discussion {#jcp24850-sec-0019}
==========

Apoptosis is a physiological process for maintaining homeostasis in both embryogenic and adult tissue but it may also have a role in diseases involving articular cartilage degeneration, such as OA and AKU. In the past years, a different ultra‐structural pattern for dying chondrocytes articular cartilage has been documented, displaying characteristics different from conventional apoptosis and defined as chondroptosis (Roach et al., [2004](#jcp24850-bib-0023){ref-type="ref"}; Pérez et al., [2005](#jcp24850-bib-0020){ref-type="ref"}; Almonte‐Becerril et al., [2010](#jcp24850-bib-0002){ref-type="ref"}).

In this work, typical chondroptotic features, like prominent Golgi and RER and autophagic destruction (Figs. [6](#jcp24850-fig-0006){ref-type="fig"} and [7](#jcp24850-fig-0007){ref-type="fig"}), were observed in human chondrocytes from damaged AKU cartilage, suggesting that in AKU the development of the secretory pathway may be involved with apoptosis. This result agrees with the present tendency to emphasize the role of stress of the cell secretory machinery as an important apoptosis inductor (Ahmed et al., [2007](#jcp24850-bib-0001){ref-type="ref"}) and suggests that Golgi and rough endoplasmic reticulum might have a key role in AKU. To the best of our knowledge, this is the first report on the occurrence of chondroptosis in AKU and the second report on the occurrence of this type of cell death after osteoarthritis (Roach et al., [2004](#jcp24850-bib-0023){ref-type="ref"}; Pérez et al., [2005](#jcp24850-bib-0020){ref-type="ref"}; Almonte‐Becerril et al., [2010](#jcp24850-bib-0002){ref-type="ref"}) and one case report of traumatic injury (Sitte et al., [2009](#jcp24850-bib-0026){ref-type="ref"}).

Chondrocyte death results in cell disintegration, associated with cytoplasmic budding, release of membrane‐bounded vesicles and, finally, fragmentation of dead cells, with some remnants containing portions of the nucleus. These cell‐derived fragments might be considered apoptotic bodies, like as those observed also in AKU chondrocytes (Figs. [6](#jcp24850-fig-0006){ref-type="fig"} and [7](#jcp24850-fig-0007){ref-type="fig"}).

The remarkable morphological changes observed in AKU chondrocytes found in the most damaged tissue region might correspond to different physio‐pathological stages of AKU cartilage degeneration, shifting from a reparative to a degradation pattern, related to ECM disruption and cell death. Based on these findings, we hypothesize that normal chondrocytes (still presents in not fissuring cartilage) undergo "activation" and go through major changes leading to cells with a secretory phenotype that triggers a recovery mechanism followed by ECM degradation and chondroptosis when repair is unsuccessful.

Safranin‐O staining indicated that proteoglycan content decreased in AKU cartilage when compared to normal cartilage. Taken together, our findings indicate that cartilage degeneration in AKU follow different pathways. In AKU cartilage both severe collagen loss and proteoglycan loss occur, indicating that both collagen‐degrading enzymes and proteoglycan‐degrading enzymes are actively involved in the degenerative process.

The relationship between chondrocyte ultrastructure and the synthesis of extracellular matrix molecules has been determined. Tseche and Miosge (Tesche and Miosge, [2004](#jcp24850-bib-0031){ref-type="ref"}) reported that fibroblast‐like chondrocytes, synthesize perlecan (a molecule involved in cartilage development and maintenance), decorin and biglycan, though not collagen type II, in areas adjacent to the main defect of the cartilage. These authors suggested that fibroblast‐like chondrocytes, which might correspond to chondrocytes with secretory phenotype reported among upper zone OA chondrocytes (Kouri et al., [1996](#jcp24850-bib-0013){ref-type="ref"}) are involved in the regeneration of the extracellular matrix of the damaged tissue. Interestingly, upper zone chondrocytes have also been described to synthesize MMP‐3 over their inhibitor (Pelletier and Martel‐Pelletier, [1994](#jcp24850-bib-0019){ref-type="ref"}), a cysteine protease that disrupts the ECM. This strongly suggests that during the pathogenesis of osteoarthritis, chondrocytes shift their synthesis pattern from reparative to degradative mode, which leads to cartilage breakdown. Also, apoptosis might be mediated by a reorganization of the cytoskeleton, which leads to the release of the pro‐apoptotic signal. Actually, we previously observed two different chondrocytic populations isolated from ochronotic AKU cartilage and showing distinct proteomic profiles (Braconi et al., [2012](#jcp24850-bib-0007){ref-type="ref"}) that could be related to normal and chondrocytes with secretory phenotype here described. In agreement with chondroptosis here reported, proteomics of AKU chondrocytes revealed an over‐expression of programmed cell death 6‐interacting protein (PDC6I) and a profound alteration in the levels of proteins involved in protein folding and cell organization, cytoskeleton integrity, RER‐associated protein catabolic process, RER‐unfolded protein response, retrograde protein transport (RER to cytosol), and protein ubiquitination (Braconi et al., [2012](#jcp24850-bib-0007){ref-type="ref"}).

Oxidative stress is at the center of AKU pathophysiological scene and ROS injury is crucial in many degenerative diseases (Bocci and Valacchi, [2013](#jcp24850-bib-0005){ref-type="ref"}; Signorini et al., [2014](#jcp24850-bib-0024){ref-type="ref"}); oxidative stress is also related to HGA‐induced AKU chondrocyte apoptosis and cartilage degeneration, as we recently reported (Braconi et al., 2010a,b; Tinti et al., [2010](#jcp24850-bib-0032){ref-type="ref"}, [2011a](#jcp24850-bib-0033){ref-type="ref"},[2011b](#jcp24850-bib-0034){ref-type="ref"}; Braconi et al., [2012](#jcp24850-bib-0007){ref-type="ref"}; Laschi et al., [2012](#jcp24850-bib-0014){ref-type="ref"}; Millucci et al., [2012](#jcp24850-bib-0018){ref-type="ref"}; Braconi et al., [2013](#jcp24850-bib-0010){ref-type="ref"}; Spreafico et al., [2013](#jcp24850-bib-0027){ref-type="ref"}). There is growing evidence (Armstrong, [2002](#jcp24850-bib-0003){ref-type="ref"}; Poli et al., [2008](#jcp24850-bib-0021){ref-type="ref"}) that HNE, generated during the LPO process and here reported to be present in AKU chondroptotic cartilage (Fig. [2](#jcp24850-fig-0002){ref-type="fig"}), is a key mediator of oxidative stress‐induced pathophysiological effects. HNE plays a role in cartilage degradation in OA via its ability to alter cellular viability and the metabolic activity of chondrocytes (Silberberg et al., [1965](#jcp24850-bib-0025){ref-type="ref"}; Bentz et al., [2012](#jcp24850-bib-0004){ref-type="ref"}). All these data indicate a pivotal role of lipid peroxidation in AKU and suggest HNE implication in the induction of chondroptosis, similarly to what already observed for apoptosis in osteoarthritic cartilage (Vaillancourt et al., [2008](#jcp24850-bib-0035){ref-type="ref"}).

Progressive loss of articular cartilage, inflammation, matrix degradation, pain, and subchondral bone remodeling are shared features between OA and AKU, whose similarity is further documented by occurrence of chondroptosis in both diseases.

Chondroptosis clearly involves autophagy, as suggested by the massive presence of autophagic vacuoles in both OA and AKU chondrocytes. At this proposal it is interesting to note that the existence of a kind of cellular death featured by autophagocytosis was known in insect metamorphosis and in ovarian atrophy (Bowen et al., [1996](#jcp24850-bib-0006){ref-type="ref"}; D\'Herde et al., [1996](#jcp24850-bib-0011){ref-type="ref"}) and this can be the clue that autophagic cell death is an alternative to normal apoptosis when environmental clues change. This can be the case of AKU where HGA and amyloid represent a peculiar and surely abnormal milieu for the cells.

Finally, since we reported that AKU is an amyloidogenic disease (Millucci et al., [2012](#jcp24850-bib-0018){ref-type="ref"}), at the best of our knowledge, the present work is the first associating chondroptosis and amyloidosis.
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